The bacterial spore, the hardiest known life form, can survive in a metabolically dormant state for many years and can withstand high temperatures, radiation, and toxic chemicals. The molecular basis of spore dormancy and resistance is not understood, but the physical state of water in the different spore compartments is thought to play a key role. To characterize this water in situ, we recorded the water 2 H and 17 O spin relaxation rates in D2O-exchanged Bacillus subtilis spores over a wide frequency range. The data indicate high water mobility throughout the spore, comparable with binary proteinwater systems at similar hydration levels. Even in the dense core, the average water rotational correlation time is only 50 ps. Spore dormancy therefore cannot be explained by glass-like quenching of molecular diffusion but may be linked to dehydration-induced conformational changes in key enzymes. The data demonstrate that most spore proteins are rotationally immobilized, which may contribute to heat resistance by preventing heat-denatured proteins from aggregating irreversibly. We also find that the water permeability of the inner membrane is at least 2 orders of magnitude lower than for model membranes, consistent with the reported high degree of lipid immobilization in this membrane and with its proposed role in spore resistance to chemicals that damage DNA. The quantitative results reported here on water mobility and transport provide important clues about the mechanism of spore dormancy and resistance, with relevance to food preservation, disease prevention, and astrobiology.
W
hen deprived of nutrients, Bacillus and Clostridium bacteria form endospores that can survive in a metabolically dormant state for years yet can transform into vegetative cells within minutes, triggered by environmental signals. Bacterial spores not only survive starvation, but are also highly resistant to heat, radiation, and toxic chemicals (1, 2) . Because of their exceptional ability to survive adverse conditions for long periods, bacterial spores are major causes of food spoilage and foodborne disease, and they might even serve as vehicles for transfer of life between planets (3). Furthermore, Bacillus anthracis spores pose a threat as a potential agent of biological warfare and terrorism. For these reasons, it is important to elucidate the molecular mechanisms of spore dormancy and resistance. This task is challenging because it involves several fundamental biophysical phenomena which are themselves not fully understood, including protein stability and mobility, membrane permeability, and control of enzymatic activity.
The thermal stability of native protein conformations is largely governed by solvent-mediated interactions (4) , and enzymatic activity relies on conformational changes and molecular associations that are strongly coupled to solvent mobility. Both the heat resistance and the metabolic dormancy of spores may therefore be largely controlled by the physical state and chemical composition of the solvent. Anhydrobiotic organisms-including plant seeds, yeast cells, and certain plants and invertebrates-achieve dormancy by replacing most of the cell water by compatible osmolytes, such as trehalose or sucrose, thereby transforming the cytoplasm into a metastable glassy state (5, 6) . Although bacterial spores do not accumulate glass-forming osmolytes, it has been proposed that the spore's core region is also in a glassy state (7) (8) (9) . If so, spore dormancy could simply be attributed to the extreme retardation of diffusive molecular motions in the highly viscous glass state. Furthermore, heat resistance might then be explained in kinetic rather than thermodynamic, terms. An endothermic transition observed by differential scanning calorimetry on Bacillus subtilis spores was initially assigned to a glass transition (9) , but this interpretation has been questioned (10) . On the other hand, at least some core components appear to be immobilized. Dielectric permittivity data (11) and electron paramagnetic resonance spectra (12) suggest that most ions in the core are immobilized, 13 C NMR spectroscopy indicates that the core's large depot of pyridine-2,6-dicarboxylic acid (dipicolinic acid, DPA) is in a solid-like state (13) , and fluorescence measurements show that green fluorescent protein is at least 4 orders of magnitude less mobile in the dormant core than in the cytoplasm of the vegetative B. subtilis cell (14) . Although these observations are consistent with a glassy core, attempts using 1 H NMR linewidths to directly measure water mobility in spores have not been conclusive (15, 16) , partly because of the confounding effect of paramagnetic Mn(II) ions.
Whether glass-like or not, the core, even in fully hydrated spores, has a remarkably low water content, which correlates with the spore's heat resistance (17) . The core contains the genome, about half of the spore's proteins, and a high concentration of calcium and other divalent ions chelated by DPA (1, 2) . The core is surrounded by the cortex, a highly hydrated, cross-linked peptidoglycan matrix (18) that is thought to maintain the dehydrated state of the core (Fig. 1) . The spore's outermost protective barrier, known as the coat, is composed of multiple layers of cross-linked proteins (19, 20) . The coat provides resistance to chemicals and protects the cortex from hydrolytic enzymes. The spore has two membranes. The outer membrane, located just inside the coat, may not retain its integrity in the mature spore and, in any case, it is not a significant permeability barrier (2) . The inner membrane (IM) that envelops the core may exist partly in a gel state with largely immobile lipids (21) . The low permeability of the IM to ionic species and even to small nonionic solutes like methylamine has been linked to its role in protecting the core DNA from chemical attack (2) .
Nuclear magnetic relaxation is among the few techniques that can yield quantitative information about the physical state of water in complex biological systems, but the interpretation of the measured spin relaxation rates is rarely straightforward (22) . To separate contributions from water motions on different time scales, it is necessary to measure the longitudinal spin relaxation rate R 1 over a wide range of resonance frequencies 0 . By using an array of NMR instruments, including fast field-cycling magnets as well as conventional high-field magnets, a so-called magnetic relaxation dispersion (MRD) profile, R 1 ( 0 ), can be recorded that spans 5 orders of magnitude in frequency (10 3 -10 8 Hz for 2 H). The MRD profile is essentially a frequency mapping of the distribution of rotational correlation times for all water molecules in the sample. Recent 2 H MRD studies of living bacteria (23) have shown that cell water conforms to the expectations based on MRD studies of model systems (24) . Here we use the same approach to characterize water dynamics in fully hydrated dormant spores of B. subtilis. In addition, we have measured the high-frequency relaxation rate of water 17 O spins. In general, the 2 H and 17 O nuclides are preferable to 1 H because they relax by a single-spin mechanism (involving the nuclear electric quadrupole) and hence provide direct information about the molecular rotational mobility (25) , which is closely related to the (local) viscosity. In addition, the 2 H and 17 O relaxation rates are less affected than the 1 H rate by paramagnetic ions. Finally, the 17 O relaxation rate reports exclusively on water molecules, whereas the 1 H and (to a lesser extent) 2 H rates may contain a pHdependent contribution from macromolecular OH and NH hydrogens that exchange with water hydrogens on the NMR relaxation time scale (22) .
Because the key to dormancy and heat resistance is believed to reside in the core, the mobility of core water is of particular interest. H 2 O/D 2 O exchange studies demonstrate that external water exchanges with at least 96% of spore water (26) , but our data show that water exchange across the IM is slow on the 2 H NMR relaxation time scale (20 ms) . This allows us to separately assess water mobility inside and outside the core. We use the Mn(II)-induced 2 H spin relaxation to identify the magnetization component associated with the core, but we remove Mn(II) ions outside the core by EDTA to reveal the water dynamics in the cortex and coat. Further information was obtained by examining coat-deficient spores from a B. subtilis strain with mutations in the cotE and gerE genes (27) . Unexpectedly, we found that the water permeability of the IM is greatly enhanced in these coat-deficient spores.
Results
Spatial Distribution and Hydration of Mn(II) Ions. Fig. 2 (black symbols) shows a water-2 H MRD profile spanning five frequency decades, measured on a sample of packed, fully hydrated WT B. subtilis spores. The MRD profile has two prominent features: a large-amplitude dispersion below Ϸ1 MHz and a broad maximum near 6 MHz. As discussed below (Internal Water in Coat Proteins), the low-frequency dispersion is produced by 0.14% of the spore water, transiently trapped in protein cavities. The MRD maximum is the hallmark of a paramagnetic relaxation enhancement (PRE) induced by the magnetic dipole-dipole coupling between unpaired electron spins of slowly tumbling paramagnetic ions, such as protein-bound Mn(II), and 2 H (or 1 H) spins in directly coordinated water molecules (28, 29) . Manganese is present in our spore preparation at a high level of 84 mol (g dry mass)
Ϫ1 (Table S1 of the SI Appendix). Other paramagnetic ions are much less abundant (Table S1 of the SI Appendix) and produce (at a given concentration) a much smaller PRE than Mn(II) (29) .
The observed 2 H relaxation rate is the sum of a quadrupolar contribution, which contains the desired information about spore-water rotational dynamics (22) , and a PRE contribution.
To eliminate the Mn(II)-induced PRE contribution, we treated the spores with the chelating agent EDTA. The MRD profile for EDTA-treated spores (Fig. 2 , blue symbols) lacks the characteristic PRE maximum, and it can be represented with a sum of Lorentzian spectral densities, as for diamagnetic samples of immobilized proteins (23, 24) . Elemental analysis showed that EDTA treatment removes only 32% of spore manganese (Table S1 of the SI Appendix). Because the MRD profile from EDTA-treated spores does not have a PRE contribution (Fig. 2) , we conclude that 68% of the Mn(II) ions in the spore are ''invisible'' to water 2 H relaxation. Two wellestablished facts strongly suggest that these invisible and nonextractable Mn(II) ions are located in the core. First, microanalytical studies identify the core as the major locus of mineral ions, with lesser amounts present in the coat (1) . Second, the IM is essentially impermeable to ionic species (2) . Neither Mn(II) ions nor EDTA are therefore expected to cross the IM on the 4-h time scale of the EDTA treatment. For the same reason, EDTA treatment removed only 10% of the large Ca 2ϩ content of the spore (Table S1 of the SI Appendix).
The PRE contribution, obtained from the difference of the black and blue MRD data in Fig. 2 , was analyzed quantitatively with the aid of the conventional Solomon-Bloembergen-Morgan theory (29, 30) . A satisfactory agreement was obtained with parameter values in the expected ranges (see Text and Fig. S1 in the SI Appendix). In particular, the analysis indicates that the ''visible'' Mn(II) ions, located outside the core, have one water ligand on average.
Decomposition of the 2 H Relaxation Rate. The water-2 H magnetization relaxes biexponentially in both untreated and EDTAtreated spores (Fig. 3) , implying slow water exchange between two compartments (31) . Biexponential fits to the 2 H magnetization recovery at 92.1 MHz yield local relaxation rates for the two regions and the water fraction in each region ( Table 1) . The water distribution is the same for untreated and EDTA-treated spores, with 12% of sample water in the minor fraction and 88% in the major fraction. Because the IM is the only strong permeability barrier in the spore (2), we associate these water fractions with the core (cr) and noncore (ncr) regions of the sample. The ncr region comprises the cortex (cx), the coat (ct), and the external (ex) interstitial volume in the spore pellet (Fig.  1) . Furthermore, we assign the minor fraction to the core region for the following reasons. First, 12% is in the range expected for the core-water fraction of B. subtilis spores (17, 32) . Second, the minor fraction has the largest relaxation rate (Table 1) , as expected from the lower water content of the core (17, 32 it possible to separately assess water mobility in the different spore compartments. We quantify water mobility in region k by the dynamic perturbation factor (DPF), k ϵ ͳ R k ʹ/ R 0 , that is, the rotational correlation time averaged over all water molecules in region k divided by the same quantity in bulk water. To an excellent approximation (23) , the DPF can be obtained in a model-independent way as the ratio of the high-frequency 2 H relaxation rate in region k, R 1 k ( 0 ‫ء‬ ), and the (frequencyindependent) relaxation rate in bulk water,
By using the highest experimental frequency, 0 ‫ء‬ ϭ 92.1 MHz, we include in the average ͳ R k ʹ all water molecules with correlation times shorter than 1/(2 0 ‫ء‬ ) Ϸ 2 ns (23). The DPF thus includes essentially all water molecules in the hydration layers of proteins and other solutes (33), but not internal water molecules buried in small polar cavities inside proteins or at the interfaces of tightly associated macromolecules.
By using the local relaxation rates R 1 k ( 0 ‫ء‬ ) in Table 1 and R 1 0 ϭ 2.175 s Ϫ1 (measured for bulk D 2 O at 27°C), we can calculate the DPF for the core and ncr regions ( Table 2) . For core water, we thus obtain cr ϭ 30.8 Ϯ 0.5. The ncr region includes the ex volume in the spore pellet. This volume is essentially bulk water, so ex ϭ 1. Subtracting this trivial contribution from ncr , we find cxϩct ϭ 4.8 Ϯ 0.4 for water in the cortex ϩ coat region (see the SI Appendix). The smaller DPF for this region is expected because the water content is higher than in the core. Because of fast water exchange between cortex and coat, we can only obtain the population-weighted average of the DPFs for these regions. We expect that cx is close to 1 because of the high water content in the cortex, whereas ct may be similar to cr . The DPFs given in Table 2 should be regarded as upper bounds on the relative slowing down of water in the different spore compartments because the high-frequency 2 H relaxation rate may include a contribution from labile biopolymer deuterons in solventexposed OD and ND groups exchanging with D 2 O deuterons on the millisecond time scale at pH 7.6 (34, 35) . To assess the importance of labile deuterons, we measured the water- 17 O relaxation rate at 81.3 MHz for the EDTA-treated sample. Because the relaxation time scale is much shorter for 17 O than for 2 H (22), the 17 O magnetization should also exchange slowly between the core and ncr regions. Nevertheless, the 17 O magnetization recovery appears to be monoexponential ( Fig. S2 A in the SI Appendix), presumably because fast transverse 17 O relaxation and/or dephasing due to local field inhomogeneities in the core causes the minor magnetization component to be lost during the 90-s acquisition delay. The observed 17 O R 1 rate, which thus pertains to the ncr region, yields a DPF of ncr ϭ 2.69 Ϯ 0.02 and, after correction for the ex fraction (as for the 2 H data), cxϩct ϭ 3.6 Ϯ 0.3. This value is 25% smaller than the 2 H-derived DPF (Table 2 ). In contrast, for Escherichia coli cells at the same temperature and pH as here, the 2 H and 17 O DPFs do not differ significantly (23) .
For the core, only the 2 H-derived DPF is available ( Table 2 ). The labile-deuteron contribution in the core is probably negligibly small because the core pH is about one unit lower than in the ncr region (36) and because the DPF is much larger. Nevertheless, the cr value Table 1 . The upper frames show the residuals for monoexponential (solid blue circles) and biexponential (open red circles) fits, with the former divided by a factor 50 to fit on the same scale. (1) Errors (one standard deviation) in the last digit are given in parentheses. cr, core; cx, cortex; ct, coat; ex, external interstitial space; ncr, cx ϩ ct ϩ ex. *Fraction of sample water in region k. † Dynamic perturbation factor for region k.
in Table 2 should still be regarded as an upper bound because it may contain a small (outer-sphere) PRE contribution from the nonextractable Mn(II) ions in the core (see the SI Appendix).
Internal Water in Coat Proteins. We return now to the dominant low-frequency dispersion, focusing on the profile from EDTAtreated spores (Fig. 2 , blue symbols). Similarly large low-frequency 2 H dispersions are obtained from immobilized globular proteins in cross-linked protein gels (24) or in bacterial cells (23) but not from freely tumbling proteins (22) . This dispersion has been quantitatively linked to the escape of buried water molecules from small polar cavities inside the protein, rate-limited by intermittent protein conformational dynamics on the 10 Ϫ8 Ϫ 10 Ϫ5 s time scale (24). As shown above, the MRD profile from WT spores reports on water dynamics in the ncr region outside the core. Because the cortex peptidoglycan network (18) is not expected to trap water molecules for periods Ͼ10 ns (35), the low-frequency dispersion must be produced by internal water molecule in the coat layers, comprising Ϸ55% of total spore protein (37) . The coat proteins, organized in dense, cross-linked layers (20, 27) , are expected to be rotationally immobilized and they should therefore contribute to the low-frequency dispersion (23, 24) .
We determine the internal water fraction, f int , by numerical integration of the dispersion profile ( Fig. 2 , blue area). Because this integral is rigorously independent of the unknown internal-water residence time distribution, it yields f int in an essentially modelindependent way (23, 38) . With an upper integration limit of 1 MHz, f int represents internal water molecules with residence times longer than 160 ns and shorter than Ϸ10 s (23) . In this way, we obtain f int ϭ (1.0 Ϯ 0.1)ϫ10
Ϫ3 . We can then estimate the average prevalence of internal water in coat proteins, expressed as the number, int , of internal water molecules per 100 aa residues (see the SI Appendix). The result, int ϭ 2.5 Ϯ 0.6, is similar to the value 3.6 Ϯ 1.0 derived in the same way for immobilized E. coli proteins and to the value 3.4 obtained from analysis of 842 protein crystal structures (39) . The slightly lower value obtained here may reflect a lower internal-water content of coat proteins or a larger fraction of internal water molecules with residence times Ͼ10 s (making them unobservable) in the extensively cross-linked (and hence less flexible) coat proteins. In any case, our analysis shows that the large low-frequency 2 H dispersion can be accounted for by a tiny fraction (0.14%) of spore water trapped inside proteins and that it does not indicate a drastic slowing down of a significant water population elsewhere in the spore.
Water Exchange Across the Inner Membrane. The finding that water exchange between the core and ncr regions is slow on the 2 H relaxation time scale provides an upper bound on the water permeability of the IM. Quantitatively, the observation of biexponential 2 H relaxation implies that the mean residence time of a water molecule in the core obeys the inequality (31) 
. Inserting values from Table 1 , we obtain cr Ͼ 20 ms. This result can be converted into an upper bound on the passive (diffusive) water permeability of the IM through the relation P w ϭ w cr a cr /(3 cr ), with the effective radius a cr ϭ 3V cr /A cr determined by the volume and surface area of the core. Taking the dimensions of the assumed prolate-ellipsoidal core from Fig. 1 , we find a cr ϭ 0.20 m. By using w cr ϭ 0.55 Ϯ 0.1 for the volume fraction of water in the core (14, 17, 32) , we thus obtain P w Ͻ 1.8 Ϯ 0.6 m s Ϫ1 . We also recorded the water-2 H MRD profile (Fig. 2 , red symbols) from spores of a cotE gerE B. subtilis strain lacking most of the proteinaceous coat (27) . The fraction of missing coat protein, 87 Ϯ 16%, was estimated from protein analysis of the WT and mutant spore preparations (see the SI Appendix). The mutant spores were also treated with EDTA, which removed the PRE peak at 6 MHz. For WT spores, the MRD profile reports on water dynamics outside the core. Because most of the protein in this region is concentrated in the coat, we expected the MRD profile for the mutant spores to fall well below that of the WT spores. [The R 1 data in Fig. 2 have been normalized to the same water mass fraction to compensate for the slightly different total water content in the samples (22) .] But the 2 H relaxation rate for the mutant spores is higher at all frequencies. This paradox is resolved by examining the magnetization recovery at high frequencies.
In contrast to WT spores, mutant spores yield monoexponential 2 H relaxation at 92 MHz (Fig. S2B in the SI Appendix), implying fast water exchange across the IM (core water residence time Ͻ20 ms). R 1 thus reports on water dynamics in the entire spore, including the core region. If water exchange had been fast in the WT spore, we would have observed monoexponential 2 H relaxation at 92 MHz with
, not far from the value measured for the mutant spores (Table 1) . (Full agreement is not expected because of the loss of coat protein, which should decrease R 1 ncr and increase f cr .) The fast-exchange condition established at 92 MHz does not necessarily apply at low frequencies, where the much larger relaxation rate makes the condition more restrictive. Although the biexponential magnetization recovery expected under slowexchange conditions would not have been observed with the field-cycling instrument (see the SI Appendix), the low-frequency dispersion is far too large to be produced by internal water molecules in the proteins of the severely decimated coat of the mutant spore. Indeed, a quantitative analysis shows that water exchange across the IM must be fast compared with the 2 H relaxation rate also at low frequencies (see the SI Appendix). We can then infer a more stringent upper bound on the mean residence time of a water molecule in the core: cr Ͻ 0.8 ms (see the SI Appendix). Converting the residence time into IM water permeability as before, we find P w Ͼ 46 Ϯ 14 m s Ϫ 1 .
Discussion
Barriers to Water Transport Within the Spore. As compared to vegetative cells, spores are highly resistant to a wide range of toxic chemicals (2) . The spore's first line of defense is the coat, the multiple protein layers of which act as a chemical filter. In addition, the core is physically protected by the low permeability of the IM. Whereas single-component phospholipid bilayers typically have water permeabilities in the range 50-300 m s Ϫ1 (at 25°C) (40, 41), we find that P w Ͻ 1.8 Ϯ 0.6 m s Ϫ1 (at 27°C) for the IM of B. subtilis spores. The low water permeability of the IM is consistent with the slow uptake of methylamine by the core of B. megaterium spores (42) . From the reported time, 2.5 h, for half maximal uptake (at 24°C) (42), we estimate a permeability for (deprotonated) methylamine of 0.1 m s Ϫ1 . Because methylamine is less polar than water, this result suggests that the water permeability of the IM may be 1-2 orders of magnitude below our upper bound and thus 3-4 orders of magnitude lower than in simple bilayer membranes (40, 41) .
According to the solubility-diffusion model of permeation, P w is proportional to the product of diffusion coefficient, D w , and partition coefficient of water in the membrane (43). The extremely low P w thus indicates a drastic reduction of either or both of these factors in the IM. Diffusion measurements employing fluorescent labels have shown that 70% of the IM lipids in B. subtilis spores are immobile on a time scale of seconds, whereas the diffusion coefficient, D lipid , of the remaining 30% is reduced by an order of magnitude compared with vegetative cells (21) . The drastically reduced fluidity of the IM implied by these results is qualitatively consistent with the low water permeability inferred here because both D w and D lipid should be inversely proportional to the effective viscosity of the membrane. Furthermore, the relatively high corewater mobility found here indicates that the low lipid mobility is caused by membrane compression (and perhaps gel-state ordering) rather than by headgroup interactions with a glassy core interior.
The much larger water permeability P w Ͼ 46 Ϯ 14 m s Ϫ1 , found here for the IM of the coat-deficient mutant spores, is unexpected and can only be explained by invoking major structural changes in the membrane. Presumably, the IM of mutant spores is also more permeable to other small molecules. Although the sensitivity of cotE gerE spores to hypochlorite has been linked to the loss of coat proteins (27) , the enhanced permeability of the IM may also contribute to the impaired chemical resistance.
The spore coat, including the outer membrane, is not considered to be a significant permeability barrier for small molecules (2). Consistent with this view, our data indicate fast water exchange across the coat on the 2 H and 17 O relaxation time scales. Scanning microscope observation of B. thuringiensis spores exposed to variable humidity identified two distinct time scales, 50 and 500 s, for spore swelling, tentatively identified with water influx into the coat ϩ cortex and into the core, respectively (44) The core-water DPF is twice as large as the DPF of 15.6 Ϯ 3 for water in the macromolecular hydration layers of an E. coli cell (23) , and it differs even more from the DPFs of 5-10 obtained for the hydration layer of proteins in dilute aqueous solution (45) . These DPF differences can be understood by realizing that the DPF is an average over a wide distribution of hydration sites, with water correlation times ranging from a few ps to 2 ns. Hydration sites with correlation times approaching the upper limit of this range contribute disproportionately to the DPF (33) . The defining feature of such strongly perturbing hydration sites is geometrical confinement, which prohibits collective rearrangement of the hydrogen-bond network in liquid water (33) . On an ''isolated'' protein surface, these secluded hydration sites, usually deep pockets, are few in number, but additional secluded hydration sites are created when a (partial) hydration layer is confined between two protein surfaces. The increasing DPF trend in going from protein solution (10 -100 h) to bacterial cell (3.2 h) to spore core (0.6 h) can thus be explained by the increasing prevalence of confined hydration layers as the water content decreases. This notion is consistent with water 2 H relaxation data from protein crystals and rehydrated protein powders. For protein crystals, DPF values range from 9 for tetragonal hen lysozyme at 0.52 h (46) to 40 for crambin at 0.34 h (47), whereas a DPF of 46 was reported for amorphous hen lysozyme powder hydrated to 0.25 h (48). In conclusion, the core-water DPF is consistent with DPF values from binary protein-water systems at comparable hydration levels. As for other systems, the majority of core water molecules are likely to be considerably more mobile than indicated by the DPF, which is dominated by a minority of water molecules in confined hydration sites. Furthermore, a significant contribution to the core-water DPF could come from relatively slow (but Ͻ2 ns) symmetric f lip motions of water molecules coordinated to Ca 2ϩ ions in the core (49) .
If the core were in a glassy state, as conjectured (7-9), then core water would be in the ''rigid lattice'' NMR regime (correlation time Ͼ Ͼ 10 Ϫ6 s), producing a Ϸ200 kHz wide 2 H NMR spectrum that would not contribute to the 2 H NMR signal detected here. However, we find that, on average, core water is ''only'' 30-fold less mobile than bulk water. Because the rotational correlation time for bulk H 2 O is 1.6 ps at 27°C, cr ϭ 30.8 corresponds to a mean rotational correlation time of 30.8 ϫ 1.6 Ϸ 50 ps for core water. We therefore conclude that the core is not in a glassy state. Fully hydrated proteins undergo a broad intramolecular dynamical transition to a glass-like state but only at low temperatures (180-220 K) (50) . A similar transition is observed near room temperature for protein powders (50) but only at water contents (Ϸ0.1 h) much lower than in the core (Ϸ0.6 h). Our results on core-water mobility are therefore consistent with the behavior of simpler systems.
Water behavior in biological systems is often described in terms of ''free'' and ''bound'' water, with the tacit assumption that bound water is largely immobile. These terms lack precision and are often misleading. If a water molecule is extensively hydrogen-bonded, whether to proteins or to adjacent water molecules, it strongly prefers this environment to a noninteracting state (water vapor). However, hydrogen bonds per se do not immobilize a water molecule, as seen by considering bulk water. Core water is both bound and mobile, and there is no contradiction in this.
Origin of Dormancy and Heat Resistance. In binary protein-water systems, protein tumbling is effectively quenched at hydration levels Ͻ1.5 h (51). In the core (at 0.6 h), proteins are thus not expected to undergo translational or rotational diffusion at measureable rates. This expectation is consistent with fluorescence studies (14) and with our analysis of the low-frequency 2 H dispersion (Fig. 2) in terms of internal water molecules in rotationally immobilized proteins. However, protein immobilization does not preclude enzyme activity as long as substrates can diffuse within the core. As noted above, most core water is expected to be much more mobile than indicated by the DPF. The rate of substrate diffusion in the core of the dormant spore may therefore be of the same order of magnitude as in the vegetative cell. Unlike eukaryotic organisms that achieve dormancy by replacing water with glass-forming disaccharides (5, 6), bacterial spores can apparently inhibit metabolism without immobilizing the solvent. This conclusion may seem surprising because purified enzymes may show significant activity at hydration levels as low as 0.2 h (50). However, water is probably not evenly distributed within the core. Key enzymes may therefore be sufficiently dehydrated that they cannot access conformations required for activity (52) .
Heat inactivation of spores typically requires temperatures 40°C above what is needed to kill the corresponding vegetative cells (1, 2). Moreover, for Bacillus spores, heat resistance decreases exponentially with increasing core water content in the range 28-57% (17) . Core dehydration might improve heat resistance by stabilizing proteins against thermal denaturation (50, 53) , presumably by disfavoring the unfolded state entropically (by excluding extended polypeptide conformations) as well as energetically (by restricting availability of water molecules for replacing intraprotein hydrogen bonds). However, to raise the heat denaturation temperature by 40°C in binary systems requires dehydration to Ϸ0.1 h, whereas little or no stabilization is seen at the hydration level (0.6 h) of the spore core (50, 53) .
If core dehydration does not confer heat resistance directly by stabilizing proteins against thermal denaturation, it might act indirectly by immobilizing proteins, thereby preventing irreversible protein aggregation. As long as heat denaturation is reversible, it should not kill the spore. Indeed, protein lyophilization may induce (partial) unfolding (54) , but this is usually a reversible process. Only at hydration levels high enough to permit intermolecular disulfide exchange or entanglement does unfolding lead to irreversible protein aggregation (55) , which would compromise the viability of the spore. This view is also consistent with Raman spectra of single B. subtilis spores, indicating that heat activation at a sublethal temperature of 70°C is accompanied by partial but reversible protein denaturation (56) .
Materials and Methods
B. subtilis Strains. The two B. subtilis strains used here are isogenic derivatives of strain PS832, a prototrophic laboratory derivative of strain 168. The WT strain PS533 (57) carries a plasmid pUB110 encoding resistance to kanamycin, and the coat-deficient strain PS4150 (27) is deleted for most of the cotE and gerE coding sequences. The CotE protein is essential for assembly of many coat proteins and of the outer layer and GerE is a DNA-binding protein that, in addition to other activities, regulates transcription of several coat protein genes (19, 20) . In the text, spores from the strains PS533 and PS4150 are referred to as WT and mutant spores, respectively. Spore Preparation. Spores were prepared at 37°C on 2ϫSG medium agar plates, and were harvested, cleaned and stored as described (58, 59). All spore preparations used were free (Ͼ 99%) from growing or sporulating cells, germinated spores and cell debris as determined by phase contrast microscopy.
Preparation of NMR Samples. The spores were dissolved in 5 mM phosphate/ D 2O buffer at pH 7.6. After centrifugation at 6,800 ϫ g, the spore mass was transferred to an NMR tube insert. Manganese depleted samples were first suspended in 10 mM EDTA and washed twice. After completion of NMR measurements, the samples were dried to determine the water content and they were then subjected to elemental analysis (Table S1 of the SI Appendix) and complete amino acid analysis (Table S3 of (Table S1 ) and for complete amino acid analysis (performed at the Amino Acid Analysis Center, Dept. of Biochemistry and Organic Chemistry, Uppsala University, Sweden) (Table S3) . 17 O magnetization (at natural abundance, ~ 0.04 %) was measured at 81.3 MHz. For the FC measurements, the pre-polarized and non-prepolarized sequences were used with pre-polarization and detection at 6.14 and 4.80 MHz, respectively. The recovery and polarization times were set to 4 T 1 . In the non-FC experiments, standard phase-cycled inversion recovery pulse sequences were used. All the NMR experiments were performed within 3 days at a temperature of 27 0.1 °C, maintained by a thermostated air flow. The temperature was checked before and after each relaxation experiment with a thermocouple referenced to an ice-water bath.
NMR
Whereas 2 H relaxation is clearly bi-exponential at frequencies above 10 MHz (Fig.   3 ), it appears mono-exponential below 6 MHz (Fig. S2) , because the rapidly relaxing magnetization component escapes detection with the field-cycling instrument used at low frequencies. The R 1 values reported in Fig. 2 thus pertain to the slowly relaxing water fraction. This is approximately true also at high frequencies, because the effective R 1 obtained from a mono-exponential fit differs by < 10 % from the relaxation rate of the dominant slowly relaxing component.
Analysis of Mn(II)-Induced Paramagnetic Relaxation Enhancement.
The longitudinal relaxation rate of the water 2 H magnetization in a sample containing Mn(II) ions is a sum of two contributions:
R 1 Q is the purely quadrupolar relaxation rate (1) that would be measured in the absence of Mn(II) ions. Under the conditions of the present study, the paramagnetic relaxation enhancement (PRE) may be expressed as
The first factor represents the fraction water directly coordinated to Mn ( The intrinsic dipolar relaxation rate takes the form (3, 4)
with the dipolar coupling frequency given by
Here, γ I = 4.1065×10 7 rad s -1 T -1 and γ S = -1.7609×10 11 rad s -1 T -1 are the 2 H and electron magnetogyric ratios, respectively, S = 5/2 is the electron spin quantum number of Mn(II), and r IS is the Mn-2 H separation. The Lorentzian spectral density functions in Eq. 
The electron spin relaxation of Mn(II) is induced by the transient zero-field splitting (ZFS) Δ, modulated by vibrational motions in the coordination shell with correlation time τ V .
Although the electron spin relaxation of Mn(II) is tri-exponential when ω S τ V > 1, it can be approximately characterized by single longitudinal and transverse relaxation times given by (3, 4)
The model defined by Eqs.
[2] -[6] predicts that the PRE exhibits two dispersion steps and that R 1 PRE (ω I ) increases with the 2 H frequency ω I between these steps. For
Mn(II) at room temperature, T 2 S is of order 10 -9 s, while τ Mn is of order 10 -9 -10 -7 s (2, 5).
If the Mn(II) ion tumbles slowly, e.g. because it is protein-bound, so that τ R > T 2 S , then Eq.
[ increases with frequency, passes through a maximum when ω I τ D1 ≈ 1, and then falls to zero.
As seen from ions are confined to a solid-like subdomain in the core. An outer-sphere PRE contribution cannot be ruled out, but it is likely to be small in comparison with the large observed R 1 cr (2).
Since we find fast water exchange across the IM in coat-deficient spores, we should have observed a PRE maximum near 6 MHz from this sample if the core Mn(II) ions gave rise to a PRE for the core water. The absence of a PRE maximum for this sample thus supports the conclusion (see above) that the core Mn(II) ions are 'invisible' to the water 2 H relaxation.
DPF Contribution from Interstitial Water.
To subtract the contribution to ξ ncr from water in the external interstitial region (ex), we need to know the fraction f ex of sample water in this region. From equilibrium permeation measurements with tritiated water and 14 C-labeled glucose on fully hydrated B. subtilis spores, the fraction of spore water present in the core, that is f cr /(1-f ex ), was determined to be 0.17 (10) . We have determined the fraction of sample water present in the core, f cr = 0.12 ( Table 2 ). Assuming that the former quantity (which does not depend on spore packing) is the same for our spores, we deduce f ex = 0.30 ± 0.05 with an uncertainty that allows for some variation in water distribution between the spore preparations. The same authors also determined the volume fraction water within the spore, φ w spore = 0.78 (10) . We can then calculate, for our sample, the volume fraction external interstitial space as Table 2 , we thus obtain ξ cx+ct = 4.8 ± 0.4.
Internal Water Content of Coat Proteins.
The number of internal water molecules per 100 amino acid residues in proteins outside the core in WT spores may be written as
where M w = 20.02 g mol -1 is the molar mass of D 2 O and M aa = 120.3 g mol -1 is the massweighted molar mass of an amino acid residue in the spore (Table S2) (Table S2) , f p ncr = 0.55 ± 0.1 is the fraction of spore protein located outside the core (11) , and x immob , taken to be 0.9 ± 0.1, is the fraction immobilized protein within the ncr region. Combining all this, we obtain ν int = 2.5 ± 0.6 for the internal water content of the coat proteins.
Protein Deficiency in Coat of Mutant Spores. The fraction missing coat protein in the mutant, ζ, can be obtained from the relation
where (Table S3) , we can also conclude that the core proteins have substantially more Ala and (Glu+Gln) and substantially less Gly, Phe and Tyr than the coat proteins. To demonstrate that water exchange across the IM in mutant spores is fast also on the shorter time scale of 2 H relaxation at the kHz frequencies, we show that the lowfrequency dispersion from the mutant is incompatible with slow-exchange conditions. In the case of slow water exchange across the IM, the low-frequency dispersion is produced by internal water molecules in (coat) proteins outside the core, just as for WT spores. 
Demonstration of Fast
Numerical integration of the mutant MRD profile up to 1 MHz yields the internal-water (Table S2) , we then obtain ν int = 18 ± 4. This value is unreasonably high compared to the values (2.5 -3.6) obtained from WT spores (see above), from bacterial cells (13) and from protein crystal structures (14) .
In the case of fast water exchange across the IM, the low-frequency dispersion is produced by internal water molecules all spore proteins. (Table 1) , and 0.689 mmol Ca (g dry mass) -1 (Table S1) , virtually all of which is confined to the core. The water:Ca mole ratio in the core is thus 0.12 × 59.9 / 0.689 = 10.4.
Assuming that the core contains 45 ± 10 % (11) of the total protein mass in the sample (Table S2) (15) our Ca analysis (Table S1 ) implies a Ca:DPA mole ratio of 0.689 / (100 / 167.1) = 1.15.
Since a DPA molecule only occupies 3 of the 6 -8 coordination sites of a Ca 2+ ion (16) , as much as 100 x (7 -3 / 1.15) / 10.4 = 42 % of the core water might be Ca 2+ coordinated. If Ca 2+ ions also coordinate proteins, nucleic acids and/or phospholipids, this fraction would be smaller. Table S3 .
b Computed from the data in Table S3 . (http://www.pasteur.fr/~tekaia/aafreq). Because these are the least abundant residues, this approximation hardly affects the remaining mole fractions. The curves resulted from mono-exponential fits with residuals as shown in the upper frames.
